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FOREWORD

This final report of the Orbital Transfer Vehicle (OTV) Concept Definition and
System Analysis Study was prepared by Boeing Aerospace Company for the National
Aeronauties and Space Administration's George C. Marshall Space Flight Center in
accordance with Contract NAS8-36107. The study was conducted under the direction of
the NASA OTV Study Manager, Mr. Donald Saxton and during the period from August
1984 to September 1986.

This final report is organized into the following nine documents:

VOL. 1 Executive Summary (Rev, A)
VOL. I OTV Concept Definition & Evaluation

Book 1 - Mission Analysis & System Requirements
Book 2 -  Selected OTV Concept Definition - Phase I
Book 3 -  Configuration and Subsystem Trade Studies
Book4 -  Operations and Propellant Logistics

VOL. 1IlI System & Program Trades

VOL. IV Space Station Accommodations

VOL. V  WBS & Dicticnary

VOL. VI Cost Estimates

VOL. VII Integrated Technology Development Plan

VOL. VIII Environmental Analysis

VOL. [X Implications of Alternate Mission Models and Launch Vehicles

The following personnel were key contributors during the conduct of the study in

the disciplines shown:

Study Manager E. Davis (Phase I-3rd and 4th Quarters and
Phase II)
D. Andrews (Phase [-1st and 2nd Quarters)
Mission & System Analysis J. Jordan, J. Hamilton
Configurations D. Parkman, W. Sanders, D. MacWhirter
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Avionies
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Performance
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Cost & Programmatics
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1.0 INTRODUCTION

This section provides a description of the study in terms of background, objectives,
issues, organization of study and report, and the content of this specifie volume.

Use of trade names, names of manufacturers, or recommendations in this report
does not constitute an official endorsement, either expressed or implied, by the National
Aeronauties and Space Administration.

And finally, it should be recognized that this study was conducted prior to the STS
safety review that resulted in an STS position of "no Centaur in Shuttle" and
subsequently an indication of no plans to accommodate a eryo OTV or OTV propellant
dump/vent. The implications of this decision are briefly addressed in section 2.2 of the
Volume I and also in Volume [X reporting the Phase Il effort which had the OTV
launched by an unmanned ecargo launch vehicle. A full assessment of a safety

compatible eryo OTV launched by the Shuttle will require analysis in a future study.

1.1 BACKGROUND

Access to GEO and earth escape capability is currently achieved through the use of
partially reusable and expendable launch systems and expendable upper stages.
Projected mission requirements beyond the mid-1990's indicate durations and payload
characteristies in terms of mass and nature {manned missions} that will exceed the
capabilities of the existing upper stage fleet. Equally important as the physical
shortfalls is the relatively high cost to the payload. Based on STS launch and existing
upper stages, the cost of delivering payloads to GEO range from $12,000 to $24,000 per
pound.

A significant step in overcoming the above factors would be the development of a
new highly efficient upper stage. Numerous studies (ref. 1, 2, 3, 4) have been conducted
during the past decade concerning the definition of such a stage and its program. The
scope of these investigations have included a wide variety of system-level issues dealing
with reusability, the type of propulsion to be used, benefits of aeroassist, ground- and

space-basing, and impact of the launch system.

1.2 OBJECTIVES AND ISSUES

The overall objective of this study was to re-examine many of these same issues but
within the framework of the most recent projections in technology readiness, realization
that a space station is a firm national commitment, and a refinement in mission

projections out to 2010.
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During the nineteen~-month technical effort the specific issues addressed were:

a. What are the driving missions?

b. What are the preferred space-based OTV characteristies in terms of propulsion,
aeroassist, staging, and operability features?

¢. What are the preferred ground-based OTV characteristics in terms of delivery
mode, aeroassist, and ability to satisfy the most demanding missions?

d. How extensive are the orbital support systems in terms of propellant logistics and
space station accommodations?

e. Where should the OTV be based?

f. How cost effective is a reusable OTV program?

g. What are the implications of using advanced launch vehicles?

1.3 STUDY AND REPORT ORGANIZATION

Accomplishment of the objectives and investigation of the issues was done
considering two basic combinations of mission models and launch systems. Phasel
concerned itself with a mission model having 145 OTV flights during the 1995-2010
timeframe (Revision 8 OTV mission model) and relied solely on the Space Shuttle for
launching, Phase 2 considered a more ambitious model (Rev. 9) having 442 flights during
the same time frame as well as use of a large unmanned ecargo launch vehicle and an
advanced Space Shuttle (STS II).

The study is reported in nine separate volumes. Volume I presents an overview of
the results and findings for the entire study. Volume II through VIII contains material
associated only with the Phase [ activity. Volume [X presents material unique to the
Phase Il activity. Phase I involved five quarters of the technical effort and one quarter

was associated with the Phase II analyses.

1.4 DOCUMENT CONTENT

This document reports the work associated with the OTV launch and flight
operations and propellant logistiecs for the SB OTV. The launch processing operations
address both GB and SB OTV elements in terms of initial assembly and checkout, as well
as the turnaround operations associated with subsequent reuse. Also included is a brief
summary of the impact of the KSC OTV Operations Study (Ref. 6). The propellant
logistics operations for a SB OTV covers the delivery system, storage system at the
space station and implications of the "no vent" rule at the station. The final section

discusses typical flight operations associated with an OTV mission.
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2.0 LAUNCH PROCESSING OPERATIONS

The primary objective of the launch processing analysis was to reveal
diseriminators (if any) between given space based and ground based OTV configurations
when performing the specified mission model. The figure of merit used in eomparing
the concepts was man-years or man-hours. It should be emphasized that the data
developed is only appropriate for relative comparisons. A cursory review of facility

requirements associated with the OTV concepts was also performed.

2.1 GROUND BASED ORBITAL TRANSFER VEHICLE PROCESSING

The Ground Based Orbital Transfer Vehicle (GBOTV) concept includes a main stage,
Airborne Support Experiment (ASE), and auxiliary propellant tank., All flights require
the use of the main stage hereafter referred.to as GBOTV. Thirty-six flights also
require the use of the auxiliary propellant tank. This section discusses the processing
operations associated with these elements as well as those related to payload and STS

integration.

2.1.1 Assumptions/Guidelines/Derived Requirements.

The analysis of the GBOTYV launch processing operation is based on the following:

a. The OTV and spacecraft operations do not impact the STS Timeline. Assembly,
refurbishment, checkout and spacecraft integration operations will be performed
offline to STS operations.

b. The cargo (OTV/Spacecraft) operations on the launch pad are consistent with STS
timelines and a parallel operation concept.

c. The OTV will be fueled with LO9 and LH9 on the launch pad parallel with STS
propellant loading during "Shuttle Launeh Countdown".

d. STAR 27 and VSTAR 10 Level Ill Assessment timelines are used as a general
baseline for STS related functions.

e. The OTV is assembled at an off site location and shipped to the launch site in the
following subassemblies:

1 Tank Assembly--ineludes LH9 and LO9 tanks plus an avionies module.
2 Engine Assembly-~two each.
3 Hypergol Tank Assembly(ies).
4. Navigation Assembly--IMU.
5 Aeroassist Device --Ballute.
6

Airborne Support Equipment.
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7. Miscellaneous Ordnance Devices.

f. The initial fill and passivation of the hypergolic fuel (hydrazine) tanks is performed
prior to installing the tanks on the vehicle. Subsequent filling operations are
performed in the assembly/checkout/refurbishment facility.

n. The ASE is similar to the ASE defined in the prior Boeing Phase A study, indicated
by Reference 1, NAS8-33532.

o. For comparison purpose, assume:

1. Offline Assembly, Checkout, Refurbishment and Integration Activities are 5
day, 8 hours per shift operations. Shifts will be one or two depending on
requirements and will affect total number of personnel required. '

2. Online Launch Pad and Post-landing Operations are 7 day, 12 hours per shift

operations.

2.1.2 GBOTYV Ground Processing -

The GBOTV main stage top level functional flow is shown in Figure 2.1.2-1. The
option exists to integrate the OTV with a spacecraft either on the ground or at the
Space Station. The option exercised is dependent on Orbiter capabilities, OTV
capabilities, spacecraft characteristics and mission requirements. The flow envisions an
OTV launched from the Orbiter and recovered by the Orbiter although the option does
exist to recover at the Space Station. An OTV launched from the Space Station {after
OTV/Spacecraft integration) could also be recovered by either the space Station or the
Orbiter. The ability of an OTV to adapt to mission requirements is indicated by the

operational flow.

2.1.2.1 Processing Plan

Ground processing functions not severely impacted by either STS or spacecraft
operations include the Initial Assembly and Checkout and the Refurbishment Operations.
The GBOTV ground processing plan is based on an evolution -of existing ground
processing methods and procedures and envisions that the final design of the vehicle will
contain features which facilitate processing. It does contain robotic operations,
streamlined testing and off-site assembly consistent with state-of-the-art technology
and mature space system operations. Key elements of the plan include:
a. One-time eryogenic tank load/drain operations,
b. Hypergol loading operations offline to STS operations and prior to OTV/Spacecraft

integration,
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ec. One-time Orbiter interface (CITE) verification except for spacecraft integration
requirements,

d. Simplification of structural interfaces (spacecraft and auxiliary propellant tanks),

e. Minimization of mechanical and electrical connections at interfaces,

f. Autonomous vehicle self-check with built-in-test equipment, fault analysis and
fault isolation,

g. Robotic refurbishment as practical,

h. Assembly and checkout off-site as transportation modes/considerations will allow,

i. Elimination of planned subsystem testing on site and redundant system level
testing, and

jo Standardization of test documentation.
2.1.2.2 GBOTV/Spacecraft Processing

Initial Assembly and Checkout Timeline
The timeline associated with the initial assembly and checkout of the GBOTYV is

presented in Figure 2.1.2-2.

GBOTYV/Spacecraft Processing Timelines

The top ievel operations timeline for the case of the GBOTV and a spacecraft
(payload) being launched together is shown in Figure 2.1.2-3. Shuttle related timebars
are based on STAR 27, Figure 8, Level Il STS Turnaround Assessment and VSTAR 140,
Figure 16, Level Il Assessed Timeline. The Refurbishment timebar is an estimate based
on the configuration and characteristics of the GBOTV known at this time. The
Integration and PCR timebars are derived from past [US/spacecraft processing
experience. Processing of a given OTV is estimated to last approximately 8 weeks using
primarily two shift operations. To satisfy the low model OTV flight rate of 12 per year
(47 week flight centers), two parallel processing lines are used.

Further breakdown on the post landing operations is presented in Figure 2.1.2-4.

Additional detail on the top level refurbishment timebar is shown in Figure 2.1.2-5.
The key tasks involved in the refurbishment operations include: (a) Safing the
Propulsion and Reaction Control systems, (b) Inspection and maintenance of the Main
Propulsion System, (e¢) Functional check of the Avionies subsystems, (d) Servicing of the
storables, and (e) Installation of a new ballute.

The most significant timebar in the refurbishment operations is the "Maintain and

Service Engines and Main Propulsion System." This timebar of 40 hours is somewhat

6
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arbitrary. [t allows for trouble shooting the subsystem (8 hours), changeout of a
complete engine (16 hours), a subsystem checkout (8 hours) and servicing (8 hours). This
scenario merely substantiates the 40 hour timebar and is but one of many possible
maintenance scenarios. All other refurbishment and maintenance activities except for
servicing the hypergol system is accomplished in parallel with and within the same
timebar. A more rigorous analysis, after knowledge of the actual OTV hardware is
available, should be accomplished.

A breakdown of the major tasks associated with GBOTV/spacecraft integration
timeline is presented in Figure 2.1.2-6. Further detail on the operations timeline
dealing with OTV/Spacecraft integration with the STS Orbiter is shown in Figure
2.1.2-17.

Processing Effort and Organization
The processing effort expressed in terms of calendar time is shown in Table 2.1.2-1.

The calendar time of 7.68 weeks per flight supports the maximum requirement of 12

OTV missions per year with two OTV.processing lines.

The organizations and headcount to support the two processing lines on a two shift
basis is shown in Table 2.1.2-2. The data is based on a launch site support organization
developed during a previous OTV Concept Definition Study of Reference 1. (Document
D180-26090-2, Final Report OTV Concept Definition Study, Volume 2, Mission Analysis
and operations, 1980.) The previously developed organization was modified, primarily by
increasing the numbers of engineers, technicians, planners and inspectors necessary to
support two shift, two line operations resulting in a 92 person organization.

The processing effort required after an OTV flight is estimated to require 10.5 man
years. The methodology used to arri‘ve at per flight costs is as follows:

a. The general tasks are assigned a work schedule. Post Landing and STS Launch Pad
Operations are on a 7 day/12 hour schedule. All other operations are on 5 day/8
hour schedule. All operations are worked on a two shift basis.

b. The timeline hours are converted to calendar weeks either by dividing by 168 for
the 7/12 schedule or 80 for the 5/8 schedule.

ec. The calendar weeks associated with the 7/12 schedule are modified by a factor of
2.65 to account for overtime.

40 + 44(1.5) = 2.65
40

d. The year is assumed to have 50 weeks (vacation, holidays, and roundoff).

e. The 92 person organization supports each processing line equally (divide by 2).

11
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f. The equivalent calendar work weeks are summed, divided by 50 and multiplied by
92/2 to arrive at the manpower requirement.
Example:
OTYV integrated with Spacecraft

(0.43) (2.65) + 2.20 + 2.10 + 1.15 + 1.8(2.65) . 92 = 10.5 man-years/flight
50 2

2.1.2.3 Separate Processing for GBOTYV and Spacecraft

This scenario occurs when the OTV/Spacecraft combination exceeds the STS
capability in either weight or length. Based on the Rev. 8 mission model and
performance capability of the GBOTYV, length will be the key factor. For this case, the
GBOTYV and spacecraft will be launched separately. GBOTV ground processing for this -
scenario has the following changes relative to figure 2.1.2-3: deletion of the
OTV/Spacecraft Integration timebar, deletion of any spacecraft operations in the
Payload Changeout Room Operations and the addition of an OTV/Spacecraft interface
verification, using a spacecraft simulator, to the Refurbishment Operations. For this
analysis, the reduced processing effort in the Payload Changeout Room is considered
equivalent to the increased effort caused by the OTV/Spacecraft interface verification. .
The resulting processing effort is 8.5 man years for the OTV and 11.0 man years for the

spacecraft.

2.1.3 GBOTV/Auxiliary Propellant Tank Ground Processing

Auxiliary propellant tanks are required when the main stage does not have
sufficient performance capability for a given payload. Based on the Rev. 8 mission
model, the combined weight of the main stage and auxiliary tank preclude launching
both on a single STS flight. Selection of the preferred auxiliary propellant tank option
for the GBOTV conecept involved the consideration of both expendable and reusable
tanks. The expendable concept involved two tanks each containing LOg2 and LH2 and
attached to the side of the main stage. The reusable concept involved a single LO2/LH?2
tank and was attached above the main stage. The ground processing effort in support of
this trade evaluated both tank options in potential.combinations with the main stage and

spacecraft (payload).

2.1.3.1 Processing Plan
Key elements of the auxiliary tank ground processing plan include:

a. Processing is parallel to GBOTV processing and is performed in the same facility.
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b. The auxiliary tanks will be verified as compatible with the OTV prior to shipment to
the launch site. The auxiliary tanks arrive on the launch site as complete
assemblies including LO9 tank, Helium tank(s) and associated plumbing.

e. The auxiliary tanks are designed to be attached to an ASE which is refurbishable
and reusable, supports the tanks in the Orbiter Bay and provides LH9 and LOg fill
plumbing.

d. The tank-to-OTV plumbing interfaces are "quick disconnect." The tank-to-OTV
structural interface is a "pinned" connection.

e. The GBOTV ground processing organization is supplemented with the following
auxiliary tank processing manpower: engineers (2), inspectors (2), and technicians

(8) for a total of 12 additional people.

2.1.3.2 Processing Combinations
As indicated earlier, several processing combinations of OTV, spacecraft, and

auxiliary tank were evaluated. A description of each combination follows.

OTYV/Spacecraft, Expendable Tank Set

This scenario occurs when OTV main stage does not have enough propellant to
satisfy the payload requirements. [t involves launching the expendable tanks on a
separate flight. The OTV and spacecraft are processed normaily. The tanks are mated
to the OTV in space.

Figure 2.1.3-1 depicts the timeline for expendable auxiliary tank set ground
processing. The processing involves a mating of the tanks to the ASE, an interface
verification, an integration with the Orbiter and support of an STS launch. Table 2.1.3-1
translates the timeline into calendar weeks based on two shifts with the indicated work
schedule. The two shifts are not necessarily required to meet the mission requirements.
The primary rationale for the two shift operation is to maintain consistenecy with the
GBOTYV analysis.

OTV Only, Reusable Auxiliary Tank Plus Spacecraft

This scenario occurs when the OTV plus auxiliary propellant (APT) exceed STS
limits but the APT plus payload do not. It requires an OTV-to-APT/Spacecraft mating
in space. The tank module interfaces with the OTV at the normal OTV-to-Spacecraft
interface and provides the appropriate "flow-through" plumbing, data ecircuits and

electrical circuits. The APT interfaces with the spacecraft in a manner identified to

17
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the OTV. An ASE is required to support the filled APT plus the spacecraft and to
provide the Orbiter Bay to Cargo interfaces.

Essentially two processings involving OTV operations are required to get one
OTV/Reusable APT/Spacecraft into LEQ. Figure 2.1.3-2 depicts the timeline for the
initial flight of an APT. The processing is identical to a GBOTYV processing except for
the initial assembly and checkout. The tank has no engines or avionics resulting in
considerably less checkout processing. During the spacecraft integration and STS
operations; however, the APT and ASE must perform all the functions that the OTV and
ASE perform during similar operations. The timeline for these operations is essentially
identical.

Figure 2.1.3-3 depicts the processing required to turnaround the APT after the first
flight. The APT returns to earth as part of the GBOTV. It is demated from the OTV,
refurbished and mated to it's ASE. The turnaround timeline includes a subsequent
spacecraft integration and STS Launch.

Table 2.1.3-2 translates the timelines into calendar weeks using shifts and work
schedules consistent with the GBOTV analysis. Due to spacecraft integration and STS
Launch Pad operations the calendar time for processing the APT is comparable to that

for the GBOTV. However, the manpower expended is considerably less.

OTYV Only, Spacecraft Plus Expendable Tank Set
In this seenario the tank set is merely transported to space on the same STS flight
as the Spacecraft. This approach requires mating of the OTV, expendable tank set and

spacecraft in space.

OTYV Only, Spacecraft Only, Expendable Tank Set Or Reusable Tank Module
In this seenario, it is assumed that any two elements exceed the capability of the
STS and thus all must be delivered to LEO separately, and then assembled to form the

final configuration.

2.1.4 GBOTYV Ground Processing Sum mary

Table 2.1.4-1 summarizes the manyears/flight required to process the various
GBOTYV, auxiliary tank and spacecraft combinations on the ground. In order to facilitate
a comparison of the total processing effort required to get all three components into
space, the processing of the spacecraft was arbitrarily assigned 11.0 manyears/flight.
The processing of an OTV integrated with a spacecraft was assumed as the baseline with

respect to ASE and GSE required.
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As the configurations depart from the baseline the total manyears/flight,
turnaround timeline, number of STS flights and ASE/GSE deltas increase. The weeks to
process the flights (turnaround timeline) may occur in parallel depending on integration

and launch pad facilities availability.

2.1.5 GBOTYV On-Orbit Processing

On-Orbit assembly associated with the GBOTV was analyzed for each of the
combinations specified in section 2.1.3. However, because the system level trade
selected the reusable auxiliary tank options, only the results of that concept are
discussed.

The on-orbit assembly plan presupposes a Space Station with the appropriate
accommodations. An alternative is to orbit the initial components(s), rendezvous
subsequent STS flight(s) with the orbiting components and mate the elements of the

GBOTYV at the Orbiter. This scenario was not analyzed.

2.1.5.1 Space Station Operations

Figure 2.1.5-1 depicts a Space Station operational timeline to mate an OTV with a
Reusable Auxiliary Propellant Tank Spacecraft, count down and release. The GBOTYV is
transported in the second STS flight so as to minimize cryogenic fuel boiloff. The
APT/Spacecraft is stored at the Space Station until the GBOTYV arrives.

The timeline, while typical in the general sequencing of events, is the shortest of
scenarios considered. A mating of the expendable tank set to the OTV involves two
interfaces (structural, mechanical, and electrical) versus the one for the reusable APT.
Scenarios which involve 3 STS flights and subsequent matings of OTV-to-Auxiliary
Tanks-to-Spacecraft result in a considerably longer timeline. The timeline assumes all
premate interface verifications were performed during ground operations and are not

required at the Space Station.

2.1.5.2 GBOTY On-Orbit Processing Summary
The processing effort summary for several GBOTV combinations is shown in Table
2.1.5-1. These data are based on the following:
a. One hour EVA to acquire and secure any component,
b. Two hours of preparation and cleanup for any EVA shift,
ec. 4.5 hours of EVA serial time to mate the OTV to the Expendable Tank Set,
2.2 hours of EVA serial time to mate either the OTV to the spacecraft, the OTV to
the Reusable Tank Module or the Reusable Tank Module to the Spacecraft, and
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. e. 2 personnel outside plus 1 person inside during any EVA shift.
f. The crew times indicated do not include the 4 hours of EVA crewtime involved with
countdown and release.
An example of using the above data to establish the man-hours for the tasks

indicated in Table 2.1.5-1 is as follows:

b. OTV/Spacecraft to expendable tasks
4.5  hrsof serial time
x 2 people performing the EVA
= 9  EVA hours
plus 2 hrs/person for prep and cleanup
=_4  hours )
Total = 13 hours of EVA activity
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2.2 SPACE BASED ORBITAL TRANSFER VEHICLE (SBOTV) PROCESSING

The Space Based Orbital Transfer Vehicle (SBOTV) concept includes an OTV which
is launched empty and is subsequently serviced at a space station. Propellant for the
OTV is delivered by a tanker. This section discusses the ground and orbital processing
operations associated with these elements including those related to payload and STS
integration.

The top-level SBOTV operational functional flow is shown in Figure 2.2-1. The
SBOTYV operational flow interfaces with and is influenced by the operational flows of the
STS and Space Station. It envisions a SBOTV maintained at the Space Station and a
SBOTV Tanker which transports propellant to the Space Station. The SBOTV may
require assembly at the Space Station (configuration dependant). Characteristics of the
three SBOTV configurations analyzed - Ballute Brake, Lifting Brake and Shaped Brake
are shown in Figure 2.2-2. The Lifting Brake and shaped Brake size is such that they
must be disassembled in order to be delivered by the STS Orbiter and then reassembled
on-orbit. A Lifting Brake configuration compatible with an Aft Cargo Carrier (ACC) is
also an OTV possibility, however that configuration was not a subject of this analysis.

Operations associated with the SBOTV Tanker at the Space Station (Function 6.0,
Offload SBOTV Tanker) are described in section 3.0 of this book.

2.2.1 Assumptions/Guidelines/Derived Requirements

2.2.1.1 Ground Processing
The following assumptions, guidelines and derived requirements are applicable:

a. The processing effort (manyears/flight) necessary to assemble, checkout and
integrate a ballute configurated SBOTV is comparable to that required to initially
assemble, checkout and integrated the GBOTV.

b. Because the primary thrust of the analysis is to determine comparative values
versus absolutes, a disassembly and "packaging" of an OTV is considered equivalent
to an assembly and checkout; an integration with the Orbiter is considered equal
regardless of the "package" being integrated; and the STS Launch support effort is

considered equal for any STS launch.
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2.2.1.2 Space Station Processing

The following assumptions, guidelines and derived requirements are applicable to

OTV processing operations occurring at the Space Station:

a.

The OTV must be verified "safe" prior to installation in the hangar. This safing is
accomplished by mating the OTV to the fuel umbilical, defueling hypergol tanks,
purging the fuel cell and transferring data from the vehicle.

The average speed that the MRMS moves the loaded OTV or OTV/spacecraft
combination is 0.06 ft/sec. (This corresponds to the Shuttle RMS vernier rate of
0.061 ft/sec and is the speed the OTV was moving when it was grabbed by the
MRMS. The average speed that the MRMS moves an empty OTV is 0.1 ft/sec
(Shuttle RMS coarse rate when loaded).

The RMS, or any other moving device, is able to start and stop the OTV safely,
reacting to the momentums involved in the movements. Translation of the OTV is
done remotely with RMS, requiring one man IVA to operate/monitor the equipment.
The hangar Space Station-to-OTV interface includes the structural support,
electrical power and communication lines. There may also be plumbing connections
depending on purge requirements. This interface is made remotely and automatiec-
ally when the OTV is secured in the hangar. The verification of the interface is in
the form of a functional check or merely a copper path verification if the
funetional check is not required.

Visual inspection of the OTV is done remotely, automatically and systematically so
as to keep a record of the condition for trend analysis. The visual inspection is
performed with a human monitor with the results of the inspection inputted to a
computer for comparison. Only anomalies and their location need further human
investigation. This may require external markings (stations) on the vehicle for

reference so that a human investigator can readily locate the anomaly.

2.2.1.3 Spacecraft Integration and Release

a.

Checkouts are accomplished automatically with only "No-Go" indications analyzed
by operators. For purposes of timeline there are no "No-Gos". The timeline for
checkouts indicates time to load the software, initiate the test sequence and
operator verification that the test did run successfully.

Spacecraft unique operations (spacecraft subsystem checkouts, deployments, ete.)

are a subject of a different analysis.
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e¢. The spacecraft-to-OTV interface is completely automated with EVA required only
for monitoring, visual confirmation/inspection and removal of support equipment
after the interface verification testing has been completed.

d. Spacecraft and OTV End-to-End Testing (testing with all of the Space Station and
Ground Station control and monitoring facilities in the loop) may be accomplished
during the Spacecraft-to-OTV Interface Verification Test. (It is highly unlikely that
it can be accomplished in the 0.5 hour allocated unless ground stations, Payload
Operations Control Centers, ete. are verified as operational and ready for the test
prior to the test.)

e. The Launch Readiness Review is a confirmation by all parties that the automatic
test did run and that there were no "No-Gos".

f.” The Final Launch Readiness' Check is a completely automatic Launch Readiness
Review and provides a final verification that all systems (ground, Space Station,
spacecraft and OTV) are ready for launch. Human intervention with automatic test
sequence will occur only should a No-Go occur.

g. A premate interface verification is required prior to OTV-to-spacecraft mate. This
verification will assure successful mechanical and functional mating of the

spacecraft and OTV.

2.2.2 SBOTYV Ground Processing

The first SBOTV processing operation analyzed was that of the initial assembly and
checkout prior to transportation to the Space Station. Figure 2.2.2-1 is a detailed
functional flow of the assembly and checkout function. The diseriminator between
configurations is the requirement to disassemble and package the Lifting Brake and
Shaped Brake configurations into orbiter compatible packages (Functions 9.5 and 9.6).

Table 2.2.2-1 displays relative ground processing effort in manyears per flight for
the SBOTV. The analysis uses the organization and "headcount" methodology developed
for the GBOTV. The processing effort of any of the three configurations was considered
equal to that for the GBOTV for the applicable general task; a disassembly and
packaging task was considered equal to an assembly and checkout task; and an
integration with the Orbiter was considered equal regardless of the "package" being
integrated. Detailed assembly, checkout, disassembly and packaging timelines with
detailed crew requirements were not part of the analysis performed.

The SBOTV ballute configuration, if integrated with a spacecraft on the ground,
requires the same processing effort as the GBOTV initial flight. With no spacecraft

integration, the 2.10 weeks of OTV/Spacecraft Integration are deleted.
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The SBOTV Lifting Brake configuration is not compatible with the Orbiter cargo
bay. The deployed brake assembly exceeds the 15 foot diameter envelope and needs to
be folded. The tank set without engines is compatible. The units which must be
transported consist of a tank set, two engines, a folded brake structure, disassembled
struts and TPS blanket. The Lifting Brake ground processing involves an assembly and
disassembly (2.25 weeks each), two Payload Changeout Room Operations and two STS
Launch Pad Operations. The total relative ground processing is two times that for the
ballute configuration.

The SBOTV Shaped Brake configuration core module, including engines, is
compatible with the Orbiter. The brake is divided into three segments; each less than
15 feet wide and approximately 40 feet long. For this analysis, two STS flights were
required to transport the brake segments. Further analysis, coordinated with brake
design development, needs to be performed so as to optimize the total brake packaging,
transportation and assembly efforts. The Shaped Brake ground processing involves an
assembly and disassembly (2.25 weeks each) plus three Payload Changeout Room and
STS Launch Pad Operations. The total relative ground processing is approximately 3

times that for the ballute configuration.
2.2.3 Space Assembly, Checkout and Pathfinder Operations

Space Assembly and Checkout. The Lifting Brake and Shaped Brake configurations
require assembly and checkout at the Space Station due to their size. The flow is
characterized by multiple STS flights, assembly of the vehicle, verification of the
vehicle assembly and return of unique ASE to earth. The function is very configuration
and vehicle characteristic dependant. Figure 2.2.3-1 indicates the flow for the Shaped
Brake assembly and checkout. Checkout in the context of this flow is verification that
the vehicle has been properly assembled and is a functioning complete system. The
assembly sequence for the Lifting Brake and Shaped Brake are depicted in Figures
2.2.3-2 and -3, respectively.

Key elements of the assembly and checkout plan, tailored to OTV assembly but
valid for any space station assembly or mating operation, include:

a. Preassembly and checkout on earth to assure functionality and fit,
b. Minimum number of subassemblies,
c. Minimum number of separate connectors (eliminate electrical and plumbing

connections between subassemblies if possible),
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d. Installation of grapple fixture or provisions to attach a grapple fixture on each
subassembly,

e. Alignment aids, tapered pins or guides, which are integral to the vehicle structure,

f. Automation of repetitive tasks, inspections, joint sealing, ete.,

g. Preplanned assembly tasks to maximize EVA shift productivity, and

h. Use of the first flight vehicle to verify accommodafions (eliminate requirement for

"Pathfinder", "Trailblazer" vehicles).

Orbital Pathfinder Operations. After the assembly of the initial SBOTV, the
vehiele is utilized as a pathfinder to verify the Space Station OTV accommodations.
The flow proceeds directly from the assembly flow and includes a vehicle test flight.
Concurrent with and part of the verification of the OTV accommodations is the
verification of spacecraft accommodations and procedures with a spacecraft simulator.
The spacecraft simulator is an instrument package which gathers data to evaluate the
vehicle test flight. The Pathfinder operations are not unique to any specific OTV
configuration. Figure 2.2.3-4 depicts the functional flow for the pathfinder operations.
The operations include a test flight of the newly assembled vehicle and an evaluation
prior to declaring the OTV flight worthy. The verification of the Space Station OTV
accommodations (Functions 12.15 and 12.16) is a one time activity. Subsequent SBOTV
assembly and checkout operations (replacement vehicle or fleet expansion) will be

processed through the accommodations to verify vehicle characteristics only.

Assembly, Checkout, Pathfinder Processing Summary, Table 2.2.3-1 lists the
funections involved in the assembly, checkout and Pathfinder Operations with the IVA
and EVA task times required for the function for each configuration. An "As Required"
task completion time indicates a function for which the time to complete was
considered indeterminable but equal for each configuration. For example, the Space
Station effort involved in Funetion 12.23, Perform Test Flight Operations, and Function
12.26, Review Flight Data, requires resolution of Space Station on-board autonomy
philosophies and the resultant development of procedures for the control of operational
funetions. [t is assumed that whatever the level of on-board autonomy, the Space
Station task times will be equal for each configuration.

The total EVA task time is divided by 6 hours/shift to determine the number of EVA
shifts. The number of shifts (rounded toc the next higher number) is multiplied by 8
hours/shift to give the total EVA time. (This type of adjustment is necessary because

the EVA task times do not include any time to exit and enter the pressurized module,
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any rest times during the EVA work period or any time for task scheduling
inefficiencies.) An EVA involves two crew members outside and one inside. Thus the
total EVA crewtime is the total EVA multiplied by 2. The IVA crewtime in support of
EVA is equal to the total EVA. '

The total IVA task time listed does not include the IVA crewtime in support of EVA.
Functions 12.19, 12.21, 12.22 and 12.24 require 2 people IVA for 17 hours. Thus; the [VA
crewtime is the list IVA task time plus 17 hours plus the total EVA.

The total time for any configuration is the sum of the EVA and IVA task times.
Table 2.2.3-2 reflects a summary of the relative processing effort for assembly,
checkout and pathfinder operations by the SBOTV configuration. The ballute
configuration processing effort essentially represents the pathfinder operations (no orbit
assembly). The processing effort indicated for the lifting brake and shaped brake
includes the assembly, checkout and pathfinder operations effort. An equivalent earth
crewtime based on relative costs for EVA, IVA and earth processing is indicated. This
allows summing the EVA and IVA "effort" on a common basis for all configurations and

indicates the relative equivalent earth based cost.

2.2.4 Reflight Processing Operations

Reflight of a SBOTV involves turnaround operations which prepare the OTV itself
and integration operations dealing with the joint aetivity involving the OTV and
spacecraft and their final preparations prior to flight. A turnaround operations flow
applicable to any of the SBOTYV configurations is presented in Figure 2.2.4-1. It is based
on the "Station Flight Operations" flow presented in Volume IV of this report and the
"Turnaround Flow Space Based OTV" defined in Reference 3. It commences when the
OTV has been successfully acquired by the Station (part of the "proximity operations")
and ends with the OTV checked out and ready for spacecraft mate. The function flow
for the final integration activities is shown in Figure 2.2.4-2.

A top level timeline for these operations is presented for a ballute braked OTV in
Figure 2.2.4-3 and is typical of those developed for the other configurations. The
timeline indicates a "best estimate" of the number of days required to turnaround a
SBOTYV, integrate it with a spacecraft, refuel and release. It includes an analysis of the
flight and inspection data maintenance planning. Spacecraft generated requirements
will impact the timeline and are not necessarily included. Diseriminators between
SBOTYV configurations are not reflected.

The timelines for the other configurations include the same functions (except for

the installation of a ballute) with adjustments in task duration appropriate to the
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configuration. Checkout of subsystems repaired or maintained is performed as part of
the specific repair/maintenance activity. The timeline scenario envisions autonomous
vehicle self-check which eliminates a requirement for system level testing. The system
checks itself continuously, requiring processing only when the checking indicates a fault
requiring corrective action.

The indicated timeline reflects a space processing plan that relies on greatly
simplified interfaces between SBOTV subsystem components, the vehicle structure and
spacecraft (payloads) to facilitate (and perhaps even allow) maintenance and repair in a
space environment. Key elements of a successful space processing plan include:

a. Simplified structural interface(s),

b. Minimal mechanical and electrical connections at interfaces,

c. Autonomous vehicle self-check (Built-In-Test-Equipment, fault analysis and fault
isolation), '

d. Robotics for repetitive tasks, and

e. Standardized test procedures and documentation methodology.

The "motivation" for simplified interfaces is cost. Based on study groundrules, one
manhour of EVA is $48,000 and one hour of [VA is $16,000. (Note that Phase II
groundrules raised the EVA cost to $81,000 per hour and $18,000 per hour for IVA).
Current "wraparound' costs associated with KSC processing is approximately $96,000 per
man year. Based on this data one man hour of EVA equals 6 man months of ground

processing cost and one IVA man hour equates to 2 man months of ground cost.

2.2.4.1 Ballute OTV Turnaround

Additional timeline detail regarding the turnaround operations for the ballute OTV
is shown in Figure 2.2.4-4. Further information concerning inspection, heat shield
removal and replace, main engine remove and replace, and ballute installation is
provided in the following paragraphs.

Visual Inspection. The indicated inspection time assumes the use of a robotic
manipulator (installed in the hangar). If, a camera is mounted on the manipulator arm,
the speed of the movement of the arm averages 0.1 ft/sec (0.1 ft/sec is the maximum
tip speed of the Shuttle RMS loaded arm) and the camera records a 1 foot wide strip.
The camera is inspecting at a rate of:

60 see/min x 1ft X 0.1ft/sec = 6ft2/min.

§2
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The ballute configuration can be approximated by a closed 36 ft. long cylinder with a 15
ft diameter. The area to be inspected equals:
(3.14) (36)15 + (2) (3.14) (15/2)2 = 2050ft2

The time to visually inspect an OTV using a ballute equals:
2050ft2 + 6ft2/min = 342 minutes

The manipulator arm must be capable of obtaining the camera from its storage
location and returning it to that location when the inspection task is complete. The
storage location is someplace on the inside of the hangar wall. The inspection data can
be stored in the camera and transferred for processing after the camera is returned to
its storage location. Alternatively, the data could be transferred during the inspection
process. Transferring the data simultaneously with inspection requires the least time
but may require more hardware. The detailed design will resolve the approach.

In any case, some additional time needs to be allocated for camera acquisition by
the manipulator and transport of the camera to and from storage. The additional time
is allocated as follows:

5-10 minutes

Manipulator arm travel to the camera

1 minute

Camera acquisition/release

Transport of camera to/from inspection area 5 minutes

Assume 15 minutes are required prior to the start of the inspection to acquire and
transport the camera and 6 minutes are required after completion of the inspection to
stow the camera. The data is transferred during the inspection process. The total

timeline for a vehicle inspection is:

Ballute configurations: 15 + 342 + 6
60 = 6.05 hours

The inspections require a one man IVA.

Remove and Replace Main Engine. The main engine is normally replaced every 20
flights. The timeline of 5.1 hours to accomplish an engine changeocut was extracted
from Reference 15. The timeline includes removal, installation, and checkout of an

engine assembly and assumes that the appropriate tools, accommodations, and interface
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designs exist. The indicated time however does not include that associated with

removal of the heat shield which is necessary in order to gain access to the engine.

Remove and Replace Heat Shield. The rigid TPS heat shield of the ballute OTV is
to be placed every 20 flights (study groundrules) and every time a main engine is
replaced.

Table 2.2.4-2 depicts the tasks and task durations necessary to remove and replace
a Ballute configuration heat shield. The assumptions applicable to the timeline include:
a. There is a hard point interface inside the engine door(s) which can be accessed from

the outside when the doors are open. This interface mates with an aerosell handling

tool (see Space Station Accommodations).

b. The RMS is used to position the heat shield. EVA personnel serve as controllers and
scanners. They manually guide the heat shield in the vicinity of the OTV and
storage pedestal so as to maintain proper clearances.

c¢. The heat shield is stored on a pedéstal which structurally interfaces with the heat

shield at the same interface as the OTV.

Ballute Installation. The ballute is replaced after each flight. Table 2.2.4-3 depiects
the ballute installation timeline with personnel and tool requirements. Assumptions
applicable to the timeline include:

a. There is a ballute handling tool which interfaces with the ballute and a RMS. The
RMS is used to transfer the ballute from its shipping container to the rear of the
OTV.

b. The OTV has a ballute installation/jettison system which mechanically assists
moving the ballute forward. The ballute installation/jettison system also
mechanically assists the ballute off the OTV after the aeroassist maneuver.

ec. The ballute is attached to the OTV with an upper and low Marmon clamp. There
are interfaces between the ballute and OTV to provide (1) gas to the ballute, and (2)
signal and power to separate/loosen the super Marmon ciamp. The lower Marmon
clamp remains with the OTV and does not require a ballute-to-OTV power or signal

interface.
2.2.4.2 Lifting Brake OTV Turnaround

The majority of the operations for the Lifting Brake (L/B) OTV are similar to those

associated with the ballute OTV. Those that are different in time include visual
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TABLE 2.2.4-2 REMOVE AND REPLACE HEAT SHIELD

(REQUIRED ACTION FOR ENGINE CHANGEOUT-BALLUTE CONFIGURATION)

TASK Minutes Hrs + Min

1. Remove tools and aeroshell handling tool from stores,
prepare and checkout mobile robot(s), verify electri-
cal power is off, engine nozzles are retracted and
engine door is open. 30

2. Disconnect electrical power connector between OTV
and heat shield. 5

3. Attach aeroshell handling tool to heat shield. 15

4, Open Hangar door, position RMS and attach RMS to the
aeroshell handling tool (partially parallei-assume
10 minute serial). 10 1+00

3. Release the marmon clamp and secure above heat
shield-to-OTYV interface. (Secure in three places
minimum) 15

6. Slide the heat shield rearward with the RMS. (EVA

personnel guiding forward portion of the shield

structure as required so as to preclude contact

with the engine nozzles.) 10
1. Move heat shield to storage location and position. 10

8. Secure heat shield in storage location with marmon
clamp and remove RMS from handling fixtures. 5 1+ 40

Proceed with Engine Changeout

When Engine Changeout is Complete; transfer RMS to heat shield storage location and:

9. Connect RMS to aeroshell handling tool, remove
marmon clamp. 5

10. Move new heat shield to rear of OTV. Position heat
shield for replacement. Position EVA personnel. 10

11. Move heat shield forward with the RMS with EVA
personnel guiding the forward portion of the heat
shield so as to preclude contact with the engine
nozzles. Mate heat shield with OTV structure. 15
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TABLE 2.2.4-2 REMOVE AND REPLACE HEAT SHIELD (CONTINUED)

TASK ' Minutes Hrs + Min
Install marmon clamp and secure. 15
Disconnect RMS and remove aeroshell handling tool. 15 1+00

Connect electrical power connector between OTV and
heat shield. 3

Apply electrical power to OTV. Verify electrical
interface. (Cycle door, verify ballute push-off
mechanism operation) 10

Extend engine nozzles, verify clearances, retract
engine nozzles, shut down OTYV electrical power. 15

Stow tools, aeroshell handling tool, mobile robot(s)
and astronaut foot restraint/control panels(s).

Remove RMS from hangar and close hangar door 25 1+55

Personnel Requirements:
2 EVA and 1 IVA

Tool Requirements:

Aeroshell Handling Tool

Mobile Robots(s)

Astronaut Foot Restraint/Control Panel
Remote Manipulator System (RMS)
Miscellaneous hand tools

U W N =
« o o e s
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TABLE 2.2.4-3 BALLUTE INSTALLATION

TASK Minutes Hrs + Min

Remove tools from stores, configure mobile robots

and checkout astronaut foot restrain/control panel. 30
Transfer upper marmon clamp from stores to work area. 10
Preposition upper marmon clamp. 5

Install ballute handling tool on ballute, attach RMS
and remove ballute from its shipping container. - 15 1+00

Transfer ballute from stores to work area. Position

10.

11.

12.

13.

14.

15.

ballute at rear of OTV.

Verify operation of ballute installation/jettison
mechanism (4 ea @ 5)

Install ballute over heat shield structure.
(Interface ballute with ballute installation/
jettison mechanism and drive forward. Remove
ballute handling tool).

Verify position of lower ballute interface.

Remotely tighten lower marmon clamp

Remove shipping restraint from upper ballute
fabric and stow.

Unfold upper ballute fabric and position upper
ballute on OTYV.

Install upper marmon clamp over upper ballute
bead and seat.

Torque upper and lower marmon clamps to
specifications.

Connect ballute gas supply line and leak check
Conneect ballute separation devices (1 upper

marmon clamp cutter, 1 corset line cutter,
1 gas line cutter) 3 units @ 10 per

58
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TABLE 2.2.4-3 BALLUTE INSTALLATION CONTINUED

TASK Minutes Hrs + Min

16. Verify ballute separation device interface
3 units @ 5 per 15
17. Stow tools. 30 4 + 40

Personnel Requirements:
2 EVA and 1 IVA
Tool Requirements:
Mobile Robots
Ballute Handling Tool
Astronaut Foot Restraint/Control Panel
Remote Manipulator System (RMS)
Miscellaneous hand tools

UV B DB
« e s e e
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inspection and removal of the entire brake in order to gain access to the main engine

and replacement of the flex TPS on the brake every fifth flight.

Visual Inspection. The key difference of either the lifting or shaped brake
configuration relative to the ballute configuration is the relative surface areas.

The lifting brake and shaped brake configurations can be approximated by two
spherical segments. (See figure 2.2.4-5, Assumed Brake Shape). The area to inspect

becomes:
A = (2)(3.14) (r1hy + r2h9).
ri = plan view radius of the brake = 20 ft (assumed)
hi = height of one spherical segment = 20 ft (assumed)
rg = radius of the brake = 28 ft (assumed)
hg = height of second spherical segment = 8 ft (assumed)

The area to be inspected equals:
(2) (3.14) (20 X 20 + 8 X 28) = 3920 ft2

The time to visually inspect equals:
3920ft2 + 6ft2/min = 654 minutes

The time to position and stow the inspection camera is 15 and 6 minutes, respectively.

The total time required for inspection of the lifting or shaped brake configuration is:

15 +654 +6
60 = 11.25 hrs.

The inspection operation assumes one person [VA.

Remove and Replace Lifting Brake. Removal of the entire lifting brake is
necessary in order to gain access to the main engine. Table 2.2.4-4 depicts the tasks
and task durations necessary to remove and replace a lifting brake. The personnel and
tool requirements are identical to those required to remove a heat shield from the

Ballute configured OTV. Assumptions applicable to the timeline include:
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TABLE 2.2.4-4 REMOVE AND REPLACE LIFTING BRAKE

(REQUIRED ACTION FOR ENGINE CHANGEOUT - LIFTING BRAKE
CONFIGURATION)

TASK Minutes Hrs + Min

1. Remove tools and aeroshell handling tool from stores,
prepare and checkout mobile robot(s), astronaut foot
restraint/control panel, verify engine nozzles are

retracted and engine door is open. 30
2. Disconnect electrical power connector from OTV

to brake. 5
3. Attach aeroshell handling tool to lifting brake 15

(3 attach points @ 5 min each)

4. Open Hangar door and position RMS. (Parallel activity)

5. Attach RMS to aeroshell handling tool. 5
6. Remove structural connectors (threaded studs)
and stow. (4 connectors @ 5 min each) 20
1. Positon EVA personnel for brake removal 10
8. Remove brake from OTV with RMS. 10 1+35

May require a mechanism (screw jacks) on the OTV
to "drive" the brake structure off if the fit is

too tight. In this case the OTV mechanism would
"drive" until the brake is sufficiently loose to
allow the RMS to continue the removal.

9. Move lifting brake to storage pedestal and position. 10
10. Secure lifting brake to storage pedestal. Remove RMS. 20 2+ 05
(4 hold down bolts @ 5 min)
PROCEED WITH ENGINE CHANGEOUT

When Engine Changeout is complete, transfer the RMS to the lifting brake storage
pedestal and:

11. Connect RMS to aeroshell handling tool and
remove hold down bolts. (4 @ 5 min each) 20
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TABLE 2.2.4-4 REMOVE AND REPLACE LIFTING BRAKE (CONTINUED)

TASK
Transfer lifting brake to outside the OTV hangar.

Visually inspect lifting brake. Position the
lifting brake and EVA personnel for lifting
brake-to-OTV mate.

Move lifting brake structure forward to OTV
tank set mating structure.

Position EVA personnel for installation
of connectors.

Install connectors. (4 boits @ 10 min)

Tighten connectors and verify connector torques.
(4 bolts @ 10 min)

Remove RMS and aeroshell handling tool.

Connect electrical power connector from OTV
to brake.

Apply electrical power to OTV. Verify door
mechanism operation.

Extend engine nozzles, verify clearances, retract
engine nozzles, shut down OTV electrical power.

Stow tools, remove RMS from hangar and close
hangar door.

Personal requirements:

2 EVA and 1 IVA

Tool Requirements:

1. Aeroshell Handling Tool

2. Mobile Robot(s)

3. Astronaut Foot Restraint/Control Panel
4. Remote Manipulator System (RMS)

5. Miscellaneous hand tools
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10

10

15

20

40

15

10
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a. There is hard point interface inside the engine door(s) which can be accessed from
the outside. This hard point mates with an aeroshell handling tool.

b. The RMS is used to position the lifting brake. EVA personnel serve as controllers
and scanners. They cannot manhandle the lifting brake because of its construction.

e. The lifting brake is stored on a pedestal which interfaces with the brake structure
at the same hard points where the brake structure interfaces with the OTV
structure.

d. The lifting brake structure attaches to the OTV tankset at four points. It attaches

with studs which need to be properly torqued. Shimming is not necessary.

2.2.4.3 Shaped Brake OTV

Visual inspection for the shaped brake OTV is judged to be the same as for the
lifting brake. Engine removal and replacement is easier than for eithér of the other two
configurations because the engines are not behind any brake or heat shield. However,

the entire brake of this concept must be replaced every 20 flights (study groundrules).

"The associated time is the same as that specified in section 2.2.3.

2.2.4.4 Turnaround Comparison

Figure 2.2.4-6 compares the relative turnaround effort for each of the three SBOTV
configurations. It reflects the installation of a new ballute after every flight versus the
periodiec replacement of the Thermal Protection System (TPS) on the other
configurations.

The chart also reflects the current uncertainty and complexity involved in replacing
the shaped brake modularized segments. A mofe detailed lifting brake design with a
deeper analysis may impact the relationship between the lifting brake and shaped brake
TPS periodic replacement. Replacement of a lifting brake TPS by ground fabricated
segments versus space installed TPS fabric appears to be a more viable option.

The equivalent earth crewtime is included so as to provide a "sanity check" with

whieh ground processing people can identify.

2.2.4.5 Integration Operations
The final integration operations include spacecraft (payload) mating and interface
verification, loading of consumables and mission data. No significant difference exists

between the SBOTV concepts.
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2.2.5 SBOTV Tanker Ground Processing
A large portion of the propellant for a SBOTV is delivered to the Space Station
storage system via a "tanker". The physical description of the tanker is presented in
Section 3.0. The ground processing required by a SBOTV Tanker includes:
a. Initial Assembly and Checkout,
b. Interface Verification,
c. Payload Changeout Room Operations,
d. STS Launch Pad Operations,
e. Post-Landing Operations, and
f.

Refurbishment Operations.

2.2.5.1 Tanker Ground Processing Groundrules/Assumptions/Derived Requirements

The analysis of the Tanker Ground Processing is based on the following:

Tanker ground operations shall not impact the STS timeline.

STAR 27 and VSTAR 10 Level IIl Assessment Timelines are used as a general
baseline for STS related timelines.

ec. Tanker Interface Verification is accomplished in the Vertical Processing Facility to
utilize existing CITE. It is accomplished only on the initial flight of a Tanker.

d. Timelines are based on a "mature" operation with no allowance for "site activation/
procedure validation" activities. '

e. The tanker is fueled with LO2 and LH9 on the launch pad parailel with STS
propellant loading during "Shuttle Launch Countdown".

f. The tanker is assembled at an off site location and is shipped to the launch site in
the following subassemblies:

1. Tank assembly (which includes LH2, LO2, and Helium tanks, the required
instrumentation and plumbing, plus an OMV interface),

2. Hypergol Tank Assembly, and

3. Airborne Support Equipment.

g. The ASE is the equipment necessary to interface the cryogenic fuel lines, dump
system, and data links (instrumentation between the tanker and the Orbiter) and
includes the required aft flight deck equipment.

h. The tanker processing facility is utilized for initial assembly and checkout,
refurbishment of the tanker and the ASE, and storage of the units as necessary. It

is a "clean" facility with work stands and access platforms.
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i. The tanker has provisions for hypergol fuels. The initial fill and passivation of the
hypergol tank assembly is performed prior to installation of the tanks. Subsequent

filling operations are performed in the refurbishment facility.

2.2.5.2 Processing Timeline and Effort

The top level processing operations timeline is shown in Figure 2.2.5-1. The
timeline indicates that turnaround of the SBOTV Tanker is approximately seven calendar
weeks. it is highly dependent on STS and Tanker offload timelines (STS Launch Pad and
MIssion Operations as well as Post Landing Operations). The main thrust of the
performed analysis was directed toward the Refurbishment Operations. The timelines
assume vertical integration with the Orbiter Bay at the Launch Pad. There is no real
reason that the tanker could not be horizontally integrated with the Orbiter Bay in the
Orbiter Processing Facility. In either scenario the integration and STS interface
verification can be accomplished well within STAR 27 Level III Assessed cargo
processing timelines.

The tanker ground processing plan has the following key elements:
a. One-time cryogenic tank load/drain operations.
b. Hypergol load off-line to STS operations and prior to pad operations.
c. Integral ASE and tank assembly structure, plumbing, and instrumentation.
d. One-time orbiter interface (CITE) verification.

e. Quick disconnect, zero entrapment cryogenic connections.

The tanker key elements for processing are similar to the GBOTV key elements.
From a ground processing viewpoint, the SBOTV Tanker is basically a GBOTV minus the
engines and avionies.

The processing effort in terms of calendar weeks per flight is shown in Table
2.2.5-1. The effort involving the STS is calculated using a two shift, 7 X 12 work
schedule. The remaining effort is calculated using a single shift, 5 X 8 work schedule.
Table 2.2.5-2 indicates the skill classification and numbers of processing personnel. The
ground processing manpower requirements assume that the Tanker processing is
accomplished in conjunction with some "larger" processing effort which provides the
needed administrative, logistics, and management support. Ground processing of the
OTV Tanker as a "Stand-alone'" operation appears to be a very inefficient, high per flight
cost operation.

The recurring ground processing of the tanker is determined to require 2.5 man

years of effort per flight:
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Table 2.2.5-2. SBOTV Tanker Ground Processing Manpower Requirements

e ———————————————
SKILL CLASSIFICATION HEADCOUNT
ENGINEER 2
FPLANNER/SCHEDULER 1
QUALITY/INSPECTOR 2
TECHNICIANS 8
TOTAL 13

OTV-1760
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13 X(1.14 + 2.8 + 0.9 +4.77)
50 = 2.5 manyears/flight

The effort is expended over approximately 5 weeks of calendar time per flight. The
Turnaround timeline (Refurbishment and Payload Changeout Room Operations) is 148

hours.

2.2.6 Facility Requirements
Faeility requirements and accommodations for the SBOTV are defined in Volume IV

of this reports.

2.2.7 KSC OTYV Operations Study Impact

OTV processing/turnaround operations was also addressed in a NASA KSC/Boeing
study (ref 6). This effort was completed approximately 6 months after the system level
OTV study effort concerning these operations. The results of the KSC study and their
impact are summarized below.

The KSC OTV Operations study focused on a SB OTV using a symmetrical lifting
brake rather than a ballute device for aeroassist. The remainder of the vehicle in terms
of main propulsion, avionies, electrical power and RCS were very similar to the Boeing
SB OTYV concept.

The on-orbit processing time for the SB OTV as found in the two studies is shown in
Figure 2.2.7-1. In summary, the KSC Operation study resuited in more hours than the
OTV Concept Definition Study and is generally attributed to a more in-depth analysis,
since that was the whole purpose of that study. The serial time was nearly four times
the duration found in the OTV study.

From a cost standpoint, the important factors are the amount of time associated
with EVA and IVA. The EVA crew hours (includes 2 people) were 35% higher in the KSC
study while the IVA (1 person) was nearly 6 times the effort. About the same time as
the KSC study was finishing, the Space Station program also revised the cost per EVA
person hour to $75K and an IVA hour to $17K. The result was that a typical recurring

turnaround cost for the SB OTV was over $9 million.

2.3 LAUNCH PROCESSING OPERATIONS SUMMARY
The study objective was to uncover diseriminators resulting from OTV configura-
tions and resultant processing requirements. Analyses performed were relative

comparisons versus absolute determinations. As the vehicle design/configuration
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matures, additional analyses should refine the relative comparisons and develop realistic
absolute cost values. As with any operational analysis, the analysis is iterative with
operational requirements impacting vehicle design and the OTV design reimpacting the
operations.
The cost of Space Station servicing will "motivate" any program requiring Space
Station processing (SBOTV or GBOTV with auxiliary tank) to:
a. Develop streamlined autonomous vehicle self-check equipment and procedures
(hardware and software),
b. Design simplified structural, mechanical, and electrical interfaces, and

e. Develop robotic concepts for repetitive processing tasks.
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3.0 PROPELLANT LOGISTICS

Propellants for the space based OTV will be stored at the space station.
Maintaining eryogenic propellants at the Space Station and transferring these
propellants to the OTV are major factors in the OTV operations costs. The propellant
logistics studies addressed the key issues and problems associated with delivery of
eryogenic propellants to storage tanks at the Space Station, transfer of propellants to

the storage tanks, boiloff during storage and transfer of propellants to the OTV.

3.1 PROPELLANT HANDLING AND INVENTORY REQUIREMENTS

An example of the propellant handling schedule at the Space Station for the year
(2001) is shown in Figure 3.1-1. During this year there were 9 OTV loadings, 7 Shuttle
tanker deliveries, and 13 deliveries of scavenged propellants. OTV missions during this
year included: 3 multiple manifest missions with 10,000 lbm payload; 5 GEO delivery
missions with 20,000 lbm payload and 1 mission with 7,000 lbm delivered; and 4,500 lbm
returned from GEO. Propellant losses which are associated with e-ach of the deliveries,
OTYV loadings, and annual boiloff are the logisties factors which contribute to the total
cost of supplying OTV propellants.

An inventory of propellants is required at the Space Station to support OTV
operations with schedules not coupled to Shuttle tanker deliveries, in so far as possible.
The propellant inventory required ‘was developed with the assumption that sufficient
propellant should be maintained available to support two planned OTV missions if a
Shuttle tanker flight could not be flown. The two missions considered included a low "g"
mission and a multiple manifest mission. These missions required a total propellant
quantity of over 121K-lbm for the OTYV flights. Delivery of propellant via scavenging
flights between OTV flights as well as allocation of unusable propellant (residuals) lead
to a total propellant inventory requirement of 160,760 lbm, as shown by table 3.1-1.

The inventory requirement to support a manned mission was based on an assumed
requirement to provide a backup rescue capability. The total OTV loading requirement
for the manned mission with rescue is 129,300 lbm. The critical timing of the rescue
mission does not permit any propellant resupply. The inventory requirement to start the
manned mission is 135,180 lbm including allowance for system cooldown and residuals.
The possibility of a mission slide was considered and an additional capacity of 50,000
Ibm included to take advantage of two maximum scavenging opportunities. The total
inventory requirement of 185,180 lbm shown by Table 3.1-1 was taken as the propellant

depot sizing requirement.
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3.2 DELIVERY AND STORAGE TRADES

3.2.1 Delivery Options

Two propellant delivery options were considered and are characterized in figure
3.2-1. The first method is to take the Orbiter diréctly to the Space Station. In the OTV
era, the Shuttle was assumed to have a lift capacity to 270nmi of 58,500 lbm. The
tanker was assumed to have a mass fraction (propellant to total weight) of 0.86. Thus
the net propellant delivered to the Space Station is 50,300 lbm.

The second method is to use the Orbital Maneuvering Vehicle to transfer the
propellant tanker from the Orbiter to Space Station. The Shuttle, under the same
assumptions made for the first method, would have a lift capacity of 72,000 lbm to
140nmi. Since the OMV would use 4,800 lbm of propellant to perform it's mission, and
the overhead to deliver that 4,800 lbm is assumed to be 1,200 lbm, a total of 6,000 lbm
must be subtracted from the Orbiter lift capability to arrive at the net useful payload
capacity. Using the same mass fraction as the first method, the net propellant
delivered is 56,700 lbm.

The first, or "Direct insertion" method has a cost of one shuttle flight, or $68.5
million (midterm cost groundrules). The second, or "OMV Transfer" method, requires
the use of the OMV at a cost of $1.5 million, in addition to the cost of a Shuttle flight.
The cost per pound of propellant delivered is $1,362 for direct insertion vs. $1,235 for
OMYV transfer as shown in table 3.2-1 resulting in selection of the OMV transfer method

for the remainder of the trade studies.

3.2.2 Resupply and Storage Options

Resupply Concepts. Two basic methods of propellant resupply are tank (1)
exchange at the Space Station and (2) fluid transfer with propellants transferred from a
tanker to permanent space based storage tanks. Two types of tanks are applicable to
each method as shown by table 3.2-2.

Tankers used for propellant replenishment were all sized for 72,000 lbm Orbiter lift
capability. The net propellant delivered depends on the tank type and whether the tank
exchange or fluid transfer option is used. Major weight items of the alternative tanker
concepts and the net propellant delivery capabilities are shown by figures 3.2-2 and
Table 3.2-3. The delivered quantities include the effects of residuals and transfer losses
including boiloff during the launch phase. Dewars deliver about 4,000 lbm less than MLI

tankers due to the weight of the outer shell which must withstand sea level external
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pressures on the vacuum annulus. The purged MLI tank exchange tanker includes a
debris shield and is therefore heavier than the MLI tanker used for fluid transfer.
Detailed discussions of the tanker structure and weight are contained in Volume II,
Book 3.

Propellant Storage Concepts. Three tank concepts were investigated for propellant
storage at the Space Station. Table 3.2-4 summarizes major features of the three
concepts. Concept 1 has two hydrogen and two oxygen tanks forming two tank sets with
93,000 Ibm hydrogen and oxygen capacity for each set at a mixture ratio of 6/1. These
dewar type tanks are planned for dry launch so that the structure and thermal design is
not compromised for the launch environment. The dry launch approach does not require

“internal tank baffles which would impact the liquid acquisition system. The large tank
sizes are optimum for orbital storage and require a simpler fluid transfer plumbing
system than other concepts requiring more than two tank sets. Two tank sets are
needed for redundancy reasons to provide back up operational capability in the event of
a tank failure.

Concept 2 uses dewar tanks which are launched loaded and are sized to the Orbiter
lift capability. This configuration is applicable to either the tank exchange or the fluid
transfer propellant resupply approach. Concept 2 requires three tank sets to satisfy the
manned mission inventory requirement and has reduced ability to accommodate
additional scavenging opportunities in the event of an OTV mission slide.

Concept 3 uses MLI only insulated tanks and assumes the tank exchange resupply
method is used. This concept also required three tank sets at the Space Station to
satisfy manned mission inventory requirements. The total capacity is nearly the same
as Concept 1 and can accommodate nearly the same quantity of scavenged propellants.

The total annual orbital boiloff rate of the three concepts (shown by table 3.2-4) is
a major factor affecting the total number of Orbiter tanker flights required. Concept 3
MLI insulated tanks orbital boiloff losses are much higher than the dewar Concepts 1

and 2 which differ by a small amount due to the tank sizes.

Comparison. Table 3.2-5 compares the propellant replenishment methods and the
storage concepts on the basis of the number of Orbiter tanker flights required for the
OTV program low mission model. The data include the effects of all propellant losses as
well as the OTV loading requirements determined for each mission in the mission model.
Concept 1 using an MLI tanker for resupply of two tank sets of large dewars at the

Space Station requires the least number of propellant deliveries. The dewar tank
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exchange method (Concept 2b) is next lowest with the MLI tank exchange approach
(Concept 3) requiring the maximum number of deliveries. Concept 3 was judged not
competitive with the other options due to the requirement for 29 deliveries more than
Concept 1. The dewar tank exchange method (Concept 2b) required only 7 additional
deliveries therefore more detailed costing analysis was required to determine which
system was best.

Figure 3.2-3 and 3.2-4 are life cycle cost comparisons of the concepts 1 and 2b.
Concept 1 which was selected as the baseline because of slightly lower total program
cost but the alternative Concept 2b is very competitive and is considered to be a viable
alternative. The program costs do not include the fluid transfer system at the space
station. The baseline Concept 1 requires only two tank sets instead of three sets for
Concept 2b therefore the baseline system would have some small cost advantage not
shown by the cost data.

Other Concepts. Refrigeration was not considered during this study. Results of the
FOTV study did show some cost benefit from refrigeration as indicated in figure 3.2-5.
The conclusion of the FOTV study was, however, that refrigeration systems were high
risk systems with uncertainties in performance which precluded recommendation of this
approach. Refrigeration systems are not yet sufficiently developed to justify their
recommendation. An alternative approach of capturing and compressing the boiloff
losses was selected for the OTV propellant storage system. An analysis of the relative

cost benefits of a reliquefaction system is shown in section 3.5.
3.3 Selected Systems Description

3.3.1 Propellant Transfer System

The propellant transfer system schematie shown by figure 3.3-1 is the configuration
selected for propellant transfers to be accomplished at the Space Station. The system is
arranged so that the tanker and OTV use a common docking port and the same
interfaces for the required fluid transfers. Gases vented from the tanks due to boiloff
and during fluid transfer operations are captured, compressed and stored at
approximately 2000 psia. The compressed gases are used to effect pressurized fluid
transfer from the tanker to the storage tanks or from the storage tanks to the OTV by
selectively opening and closing appropriate valves. The system is intended to capture
all gases vented from the tanks and therefore will not violate the Space Station no vent

requirement. Implications of the no vent rule are further discussed in Section 3.4.
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3.3.2 Propellant Storage Tanks

The configurations of the Space Station hydrogen and oxygen storage tanks are
shown by figures 3.3-2 and 3.3-3. Two tank sets will be permanently attached to the
Space Station. The tanks will be launched empty and pressurized.® Liquid acquisition
devices consisting of eight screen channels are included in each tank to provide liquid at
the outlets for fluid transfer in the low "g" Space Station environment. The dewar
insulation annulus will be pressurized with helium during ground and launch operations to
maintain insulation cleanliness and integrity. The insulation annulus will be vented to
vacuum on orbit to obtain dewar conditions and thermal performance. Boiloff rates for
these tanks were estimated based on operating vapor cooled shields. A hydrogen boiloff
rate of 7 lbm per tank/day and an oxygen boiloff of 13 lbm per tank/day was estimated.
Acceptance tésting of the tanks thermal performance will be accomplished on the
ground in a vacuum chamber with the insulation evacuated and repressurized after test

completion.

3.3.3 Propellant Tanker

The baseline MLI insulated tanker concept is shown by figure 3.3-4. Detailed
descriptions of the tanker structure and weight are included in Volume II, Book 3,
Sections 3.2.1 and 2.2.7. Each tank includes a liquid acquisition device with eight screen
channels for fluid transfer at the Space Station. The tank insulation system was
selected assuming 30 layers of MLI per inch which resulted in 210 lbm boiloff during the
launch phase. Achieving this low MLI density may be compromised by system supports
and plumbing therefore boiloff was estimated for an MLI density of 60 layers/inch.
Boiloff with the higher density insulation was estimated at 395 lbm during the launch
phase and this value was used for propellant loss accounting.

A schematic of the tanker plumbing system is shown by figure 3.3-5. The system
includes 53 cubic feet of helium storage at 4000 psia to provide abort dump capability
for both propellants if required for a return to launch site launch abort. The system
shown includes interfaces required for ground loading and propellant transfers at the

Space Station.

3.3.4 Propellant Handling Factor
The efficiency of the propellant logisties operations is defined as the propellant
handling factor which deals with the ratio of total propellant required including losses to

the amount of OTV main impulse propellant. Contributors to this factor are presented
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in table 3.3-1. Based on the propellant logistics operations for the year 2001, 107.5 lbm
of propellant must be delivered for every 100 lbm available to the OTV resulting in a
7.5% handling factor.

3.4 Implications of "No Vent" Requirement

The Space Station requirement of no fluid venting has major impacts on the storage
and transfer of eryogenie fluids. The gases which must be captured and stored include
boiloff and chilldown losses and OTV reserves and residuals returned to the station.
Approximately 6,700 lbm of oxygen and 2,520 lbm of hydrogen will accumulate in a 90
day period. Assuming the gases are stored at 2,000 psia and 500 degrees Rankine, it
would require ten 9 foot diameter pressure vessels for hydrogen storage and two 8 foot
diameter pressure vessels for oxygen storage as shown by figure 3.4-1, if none of the
gases are used for a 90 day period.

The storage requirements for the surplus gases could be reduced by using fuel cells
to convert a fraction of the gases to water and produce net power of approximately 3.9
kw as shown in figure 3.4-2. The excess of hydrogen available above the fuel cells
stoichiometric ratio would still require six 9 foot diameter pressure vessels if none were
used in the 30 day period.

The no vent requirement also has a major impact on the propellant transfer line
size and power requirement. Recovery of the line and chilldown loses is at a much
higher rate than that associated with recovery of boiloff, reserves, and residuals.
Figure 3.4-3 shows the energy required for compressing the gases assuming 70%
compression efficiency. Approximately 0.21 kilowatt hours/lbm are required for
hydrogen and 0.05 kilowatt hours/lbm are required for oxygen for the 2,000 psia storage
pressure selected. The maximum power required is determined by the quantity of the
chilldown and flashed gasses during loading and the time used to accomplish the
chilldown and liquid transfer.

The total costs for loading the OTV with 55,000 lbm of propellants for line sizes of
1.5, 2.0 and 2.5 inch diameter is shown by figure 3.4-4. The 2.0 inch line diameter
results in near minimum cost for 7 hours (optimum) of loading time regardless of the
power available for chilldown with no consideration of the cost of providing the peak
power. Figure 3.4-5 uses the 2.0 inch line diameter to determine the impact of peak
power costing. Discounted costs for the power optimization trade are required because
the power must be made available at the start of the program. The optimum power is
~ between 15 and 20 kw and is relatively constant between these limits. A total OTV

chilldown and loading can be accomplished in approximately 7.3 hours with 20 kw power
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available for cooldown using 2.0 inch lines. The liquid flow time after chilldown is
approximately 5 hours of the 7.3 hours total. The 5 hour flow time results in 108 lbm of
flashing losses. Reducing the liquid flow time to 3 hours by inereasing the tanks
pressure difference completes the transfer in 5.3 hours but increases flashing losses to

approximately 300 lbm which was used for propellant accounting.

3.5 Boiloff/Chilldown Gas Disposition for SBOTV

A propellant excess of 7.6% over that required for the OTV flights is delivered to
the Station by the propellant tanker. This excess is required because of boiloff from the
storage tanks and losses due to propellant transfer lines and OTV tank chilldown. The
disposition of these gases is a problem. Although NASA has stated that there is no
longer a specific ground rule against venting at the Station, concerns expressed by many
Station users are expected to preclude venting of quantities such as these resulting from
SBOTYV operations. In the analysis conducted, it has been assumed that venting at the
Station will not be allowed.

The analysis conducted in the previous section concluded that boiloff and chilldown
quantities indicated in figure 3.4-1 can be expected. The O and H2 accumulated over a
3 month interval is 6,687 and 2,520 lbm, respectively. [t is apparent from this figure
that, in terms of volume of gas that must be stored until disposal, GH2 is dominant even
at 2,000 psia (5000R). This analysis was conducted assuming 8 OTV flights per year.
Scenario 2 of the Revision 9 mission model averages over 26 flights per year with a peak
level of 33 per year in 1998 and 1999 and a low of 20 flights in 2003 (See Vol. [X). As
shown in figure 3.5-1, OTV chilldown losses are 904.5 lbm/day so the additional launches
will significantly affect the boiloff problem. However, this analysis was conducted
consistent with the assumption of 8 flights per year. As will be seen, the problem is
quite significant and costly to resolve at even this lower flight rate.

As indicated in figure 3.4-1, the GH9 could be contained in either ten 9 foot
diameter spheres or in three 13.5 foot diameter spheres (obviously, other diameters
could be used but those selected represent reasonable extremes). Assuming both tanks
are made of Kevlar-wrapped titanium with the necessary safety factors and the same
ASE weight, the 3 tank approach weighs 7.5% more than the 10 tank approach.
Consequently, the GHg storage approach using 10-9 foot diameter tanks has been
adopted.

The tanks selected for containment of the 2000 psia GH2 and GO2 have the

following characteristies:
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o =

Material Kevlar on Titanium Kevlar on Titanium
Thickness, Liner, Ave. (in) 0.12 0.088
Thickness, Composite, Ave. (in) 0.92 0.81
Tank Weight (Ibm) 2870.0 2330.0
Diameter (ft) 9.0 8.0

The boiloff gas disposition options examined are summarized as follows.

Option No. Deseription
1la Collect GH2 and GOg for periodic venting remote from the Station using the
OMV.
1b Collect GH9 and GO9 and periodically return these gases to the Earth using the
Orbiter.

2a Use the GO92 and the required GH2 in a fuel cell with electrical power and
water as output. Periodically remotely vent the remaining GH9 and the water
using the OMYV,

2b Same as option 2a except return the remaining GH2 and the water to the

. surface using the Orbifer.

3a Provide extra LO9 to make a stoichiometriec mixture with the GH9 and produce
power and water in a fuel cell. Remotely vent the water using the OMYV.

3b Same as option 3a except return the water to the surface using the Orbiter.

4 Complete reliquefaction of boiloff and chilldown gases.

A valid question to ask at this time is: why isn't the use of these gases for Space
Station reboost considered? Figure 3.5-2 illustrates the 90 day impulse requirements for
a nominal atmosphere for the years 1992 through 2004 assuming a constant Station
altitude of 250 nm. Shown on the right hand scale are the H9 90 day requirements
assuming an Isp of 280 Ibf-sec/lbm. The assumed SBOTV [OC of 1996 is followed by the
availability of 2,520 lbm GH2 every 90 days. [t is seen that the amount available far
exceeds that required even in the peak year of 2004 when 1,000 Ibm would be required.
[f the Station is operated at a constant density altitude instead of a constant geocentric
altitude, the required GHg for reboost may be maintained at 1,000 ibm every 90 days.

Figure 3.5-3 summarizes, pictorially, the disposal options considered. The following

paragraphs will discuss the options individually.
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Option la, Remote Venting

This option utilizes the OMV to maneuver the 10 GH9 and 2 GO9 storage vessels to
a location remote from the Station for venting. Figure 3.5-4 depicts the envisioned
arrangement for the tanks and the dump system. The OMV, weighing 10,486 lbm and the
waste package weighing 43,527 lbm, are accelerated to a delta V of 1 ft/sec from the
Station using the OMV GN29 thrusters.

After coast to preclude Station contamination, the vehicle is rotated 1800 and
accelerated an additional 2 ft/sec using the GH2 dump nozzle on the vehicle centerline.
After an additional coast to a sufficient distance for GH9 and GO2 dump, the vehicle is
again rotated 1800 and stopped relative to the Station (delta V = 3 ft/sec). The gases
are then dumped except for sufficient GH9 to provide the impulse to return to the
Station. The total GH9 required to accomplish these maneuvers is less than 50 lbm. The
OMV GN29 requirement is 52 Ibm dnd the hydrazine system is not required.

Costs associated with this option are listed below:

Recurring:
OMYV use charge $ 1.00M
GN2 ($1500/1bm) 0.07TM
IVA (3.5 hrs) 0.06M
EVA (3.0 hrs) _0.50Mm (for OMV servicing)
TOTAL $ 1.63M
Tank Delivery, One Time ($1500/lbm): 42.58M
DDT&E: $148.7M
TFU: $63.5M

Option 1b, Boiloff Return via Orbiter

This option employs identical gas storage tanks as used for option 1a but carries the
filled tanks to the earth using the Orbiter for gas disposal. Differences in the two
approaches include no dump system, no OMV usage, and 2 storage tanks sets.

Costs associated with this option are:

Recurring:
Tankset Delivery ($1500/1bm) $42.58M
VA (6 hrs) 0.11M
TOTAL: $42.69M
DDT&E: $225.8M
TFU: $63.2M
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Option 2a, GOg Usage for Power, Remote GH9 and Water Vent

This option combines the available GO9 (6687 lbm) with the required amount of
GH2 to make a stoichiometric mixture which is provided to fuel cells resulting in 1684
lbm GHg remaining, 7,532 lbm H9O, and 3.87 KW. The result is that only 5 of the 9 ft.
diameter GH9 tanks are required and a 6.3 ft. diameter 2219 aluminum water storage
tank with 0.025 inch thick walls, 20 psia, and weighing 55 lbm.

Disposal is accomplished by using the OMV as a carrier. Again, however, as was the
scenario for option 1a, at least 75% of the delta V can be provided by the waste GH9. In
order to dump water, a heated nozzle will be required to prevent ice formation and
resultant clogging. The Station can't use the water produced because the currently
envisioned ECLSS will produce excess water without additions from an OTV source.

Costs associated with the option are listed below:

Recurring:
OMV use charge - $1.00M
GN2 ($1500/1bm) 0.04M
IVA (3.5 hrs) 0.06M
EVA (3.0 hrs) _0.50M (for OMYV servicing)
SUBTOTAL $1.60M
Power Value ($326,000/KW): -1.26M
TOTAL $0.34M
Tank Delivery, One Time ($1500/1bm): 18.8TM
DDT&E: ' $76.9M
TFU: $28.3M

Option 2b, GO2 Usage for Power, Return GH9 and Water via Orbiter

This option is similar to option 2a except the remaining GH9 and water are returned
via the Orbiter. At least two tanksets will be required to have one constantly available

at the Station.
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Cost associated with this option are listed below:

Recurring:
Tankset Delivery ($1500/1bm) $18.87TM
IVA (6 hrs) _0.11M
SUBTOTAL $18.98M
Power Value ($326,000/KW): _-1.26M
TOTAL: $17.72M
DDT&E: $111.0M
TFU: $28.1M

Option 3a, Generate Maximum Power, Provide Additional O2 Remotely Vent Water

This option utilizes all available GH9 to generate power by delivering an additional
13,473 1bm of LO2 every 90 days. The power generated is 11.7 kw and the resultant
water for a 90 day interval weighs 22,680 lbm. A 2219 aluminum tank to contain this
water at 20 psia is 9.14 feet in diameter and weighs 110 lbm (0.025 inches average wall
thickness). Associated plumbing and structure weight is 200 lbm.

The water tank package weighing 22,990 lbm is taken to a remote location using the
OMV in a manner similar to options 1a and 2a. However, this option requires that all
delta V be provided by the OMV. The total GH2 requirement from the OMV 79.9 lbm.
Again, the nozzle to be used for dumping water will have to be heated to prevent ice

formation and nozzle clogging.

Costs associated with this option are:

Recurring:
OMYV use $ 1.00M
LOg2 Delivery ($§1500/1bm) 14.66M
GN2 Delivery ($1500/1bm) 0.12M
IVA (3.5 hrs) 0.06M
EVA (3 hrs) 0.50M (for OMYV servicing)
SUBTOTAL $16.34M
Power Value ($326,000/KW) -3.81M
TOTAL $12.53M
Tank Delivery, One Time ($1500/1bm) 0.47M
DDT&E $2.6M
TFU: $1.1M
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Option 3b, Generate Maximum Power, Provide Additional 02, Return Water in Orbiter

This option is similar to option 3a except that the tank of water is returned via the
Orbiter. A second 110 lbm, 9.14 ft. diameter tank will be required to assure constant

availability for water storage at the Station.

Costs associated with this option are:

Recurring:
. LO2 Delivery (1500/1bm) $14.66M
Empty Tank Delivery ($1500/1bm) 0.47TM
IVA (4 hrs) 0.07M
SUBTOTAL $15.20M
Power Value ($326,000/KW) -3.81M
TOTAL $11.39M
DDT&E: $3.6M
TFU: $2.2M

Summary o_f Options 1 through 3

Figure 3.5-5 summarizes the costs for each of the options discussed thus far.

Option 4, Reliquefy Boiloff Gasses

The H29 boiloff rate is 2,520 lbm every 90 days or, on the average, 1.17 lbm/hr. The
02 boiloff rate is 6,687 lbm every 90 days for an average of 3.1 Ibm/hr. An analysis of
reliquefaction systems is beyond the scope of this study. A long life, high capacity,
space qualified reliquefaction system has not been developed. Several studies have been
conducted recently to address this issue (e.g., AFRPL TR-83-082, "Long Term Cryogenic
Storage Study", and NAS8-36612, "Long Term Cryogenic Storage Facility Systems
Study"). A system to reliquefy only the Ho boiloff will be discussed and costed herein.
It will be seen that this alone makes the reliquefaction approach unattractive barring
significant technology advances.

Based on data from NASA Conference Bulletin 2347, a Turbo Brayton Cycle
refrigerator capable of reliquefying 1.17 lbm/hr will require 4 kw. NBS Tech. Note 655
(June 1974) shows that a 4 kw H2 Brayton cycle reliquefaction system will weigh 44,100
lbm.

Costs associated with the (H2 only) reliquefaction'option are:
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Recurring:
Power (at $326,000/KW) $1.30M
Propellant Saved ($1500/1bm) -3.78M
TOTAL RECURRING $-2.15M
Reliquefaction System Delivery ($1500/1bm) 66.15M
DDT&E (ineluding first unit): $639.5M

Cost Summary and Recommendation

Figure 3.5-6 summarizes the undiscounted LCC for the boiloff disposal options.
The clear winner and recommended approach is option 2a, which uses half of the GH?2 to
generate 3.87kw. The remaining GH9 and the resulting water are remotely vented using
the OMV.

Significant advances are being made in the development of reliable, low cost, and
lightweight cryogenic reliquefaction systems suitable for the Space Station applic;ation.
These -advances have the promise of altering the foregoing study toward the relique-

faction option.

3.6 Summary

The optimum ecryogenic oxygen and hydrogen logistic system using a storage depot
at the Space Station was identified by the trade studies conducted. Major elements of
the optimized system are two oxygen and two hydrogen dewars permanently based at
the Space Station. The total capacity of the dewars is 186,000 lbm of oxygen and
hydrogen at a mixture ratio of 6/1. The propellant capacity is adequate to support a
manned mission with reserve available for backup rescue if required. Resupply of
propellants to the Space Station uses an Orbiter-launched tanker with MLI insulation.
The optimum system resulted in only slightly lower total program costs than the next
lowest cost system which used a dewar type tanker configuration with tanks exchanged
at the Space Station. Both systems are viable approaches to supplying OTV propellants
at the Space Station.

Propellant losses due to boiloff and fluid transfers with the selected baseline
system are not excessive. Based on the propellant logistics operations for the year
2001, 107.5 lbm of propellant must be launched for every 100 Ibm available to the OTV
with the difference being the propellant handling losses.

Perhaps the most significant propellant logistics issue existing at this time is the
implication of the "no vent" requirement at the Space Station. It has been shown that

there is a significant impact regarding storage requirements as well as power needs for
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propellant transfer. A number of approaches for disposing of the boiloff and chilldown
gases have been examined and compared on the basis of life-cycle-cost (LCC). The
lowest LCC approach proved to be one that used the available O9 and the required H9 to
make a stoichiometric mixture which was passed through a fuel cell to generate 3.87
kw. The remaining H2 and the resulting water is disposed of remotely from the station
using the OMV.
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4.0 FLIGHT OPERATIONS

This section desecribes the major generic flight operations that appear in all typical
OTV mission sequences. Examination of the DRM's showed the flight operations of each
OTV mission to be composed of five different flight segment types: 1) pre-flight and
post-flight operations, 2) separation and rendezvous maneuvers, 3) orbital
transfer/coast, 4) payload delivery and operations, and 5) aeromaneuver. Many of these
operations are common to all DRM's, while others are more mission-specific. The
operations identified above are also discussed elsewhere in the final report, specifically
in Volume II, Book 1, Section 3.1. The summary discussion below is intended to put each
flight operation in perspective with respect to the overall mission. Specific flight
operation sequences, timelines, and delta V's are given in Volume II, Book 1, Section 2.4:

Design Reference Missions. Figure 4.0-1 shows a typical mission profile.

4.1. PRE-FLIGHT AND POST-FLIGHT OPERATIONS

The OTV pre-flight and post-flight operations are summarized here for both ground-
and space-based vehicles. Additional detail has been provided in Section 2.0. Pre-flight
operations for the GB OTV include ground operations and the ascent to LEO in the
Shuttle Orbiter and post-flight operations include return to earth and refurbishment.

Preflight and postflight operations for the SB OTV are performed at the Space Station.

GB OTV. Following checkout, the GB OTYV, its airborne support equipment, and its
payload are mated and undergo integrated tests. The integrated assembly is then
transferred to the launch pad and installed in the Shuttle Orbiter where propellant
loading of the launch vehicle and the OTV are accomplished. Following launch and
circularization to a 120 nautical mile orbit with an inelination of 28.5°, the Orbiter
payload doors are opened and the OTV undergoes a predeployment checkout. The GB
OTYV is then deployed.

Post-flight operations begin when the OTV is returned to the Orbiter payload bay
using the remote manipulator system, latched into the airborne support equipment
structural adapter, stowed into the payload bay, and returned to the launch site for
subsequent refurbishment for a later flight.

During the period that the OTV is within the Orbiter payload bay, command and
control is acecomplished by GSE and Orbiter systems prior to launch and through Orbiter
systems after launch. When deployed outside the Orbiter, command and control is
accomplished by a STDN/TDRS compatible RF link. The OTV is capable of autonomous
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mission operations and is capable, by addition of a kit, of providing a secure communica-
tion link if required.

An additional preflight operation occurs when the GB OTV requires use of an
auxiliary propellant tank (APT). This situation occurs on 36 of the 145 flights in the low
mission model. These operations consist of the auxiliary propellant tank and payload
combination being delivered to the Space Station followed by delivery of the OTV.
Space Station personnel and equipment are used to perform physical integration of the
OTV and APT/payload, verify interfaces, and perform launch operations.

SB OTV. The SB OTV is mated with its payload at the Space Station (270 nmi, 28.50
orbit). Integrated tests, propellant loading, and pre-deployment checkouts are also
performed at the Space Station. The SB OTV is not ready for deployment until the
Space Station reaches the proper ascending node alignment (to reach the proper GEO
longitude). This differs from the GB OTV where the phasing operation is done after
deployment from the Orbiter.

The SB OTV post-flight operations begin after OTV capture by the OMV in LEO.
The OMYV returns the OTV to the Space Station where it is secured and separated from
the OMV. This is followed by post-flight checkout and refurbishment.

4.2 SEPARATION AND RENDEZVOUS MANEUVERS

Separation and rendezvous maneuvers occur at the beginning and end of each OTV
mission from/to a launch platform (Space Station or Orbiter, depending on whether the
OTV is space- or ground-based). The separation maneuver involves the actual process of
separating from the launch platform and the coast period prior to main engine ignition.
The rendezvous maneuver involves the period from the aeromaneuver to actual retrieval
by the launch platform. The rendezvous/separation maneuvers associated with manned
GEO operations (i.e., MGSS) have not been investigated.

Launch and retrieval are both conducted via an RMS grapple interface with
STS/RMS or OMV/RMS. After separation, the OTV coasts and positions itself for its
first transfer orbit injection burn. During this period and throughout the mission the
OTV is in communication with its control center. In the case of a GB OTV, this coast
period may include a number of phasing orbits.

The rendezvous coast period includes a number of MPS burns required to correct
errors in altitude, velocity, and inclination. Its guidance system also requires GPS

position updates.
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Capture by the OMV or Orbiter is facilitated by radar corner reflectors. Active
rendezvous by the OTV would require the addition of a rendezvous radar system (this

may be required for MGSS rendezvous).

4.3 ORBIT TRANSFER/COAST

Most of the OTV mission time is spent either in a transfer orbit (e.g., LEO to GEO)
or in a destination orbit (e.g., GEQ). Transfer orbit operations is characterized by one
or more MPS burns, each followed by a coast period, terminating with either an MPS
burn (e.g., upleg, GEO phasing) or an aeromaneuver (downleg). Requirements for the
transfer orbit include position and orientation of the OTV prior to MPS burns, the MPS
burns, maintenance of orbital parameters during coast including RCS mid-course
correction, and maintenance of vehicle attitude during coast (e.g., payload thermal roll).

The typical upleg transfer orbit has two perigee burns, a midcourse correction, and
an apogee circu‘larization/plane change burn. The typical GEO phasing orbit has a small
MPS phasing burn, a midcourse correction, and a small MPS circularization burn. The
typical downleg transfer orbit has a de-orbit/plane change burn, and a midcourse
correction, leading up to the aeromaneuver. The exception to this is the planetary
mission (DRM-3), where the payload is deployed (on an escape trajectory) on the upleg

and the OTV is immediately decelerated to allow return to Earth.

4.4 PAYLOAD DELIVERY AND OPERATIONS

When the OTV reaches its target orbit it can either deploy its payload or initiate a
mission operations sequence, such as rendezvous and dock with MGSS. The payload
deployment is preceded by an ACS positioning maneuver. The payload is then activated
by the OTV (timing discretes are one of the few OTV payload services) and released.
The OTV then backs off and begins a coast period while waiting for the proper nodal
alignment for return to LEO.

The manned missions have different operational sequences. With GEO servicing
(DRM-4) the OTV rendezvous and docks with the MGSS where it remains active but
under MGSS control for the duration of the GEO operations. With the manned lunar
sortie the operational sequence is similar to the Apollo mission profile. After
circularization in lunar orbit part of the crew transfers to an expendable lunar excursion
module (LM) for descent to the lunar surface. The OTV with its manned capsule
functions as the command module until the luner module returns from the surface and

the whole crew returns to Earth in the OTV.
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Missions in which the OTV picks up a payload in the target orbit for return to LEO

were not identified in the mission model and so were not analyzed.

4.5 AEROMANEUVER

An aeromaneuver is performed on the return leg of each OTV mission. The
aerobrake increases the OTV drag coefficient and provides thermal isolation so the OTV
can use atmospheric drag to dissipate excess kinetic energy rather than slow the vehicle
all-propulsively., The aeromaneuver is preceded by an alignment burn {prior to
atmospheric entry) and followed by a correction burn to compensate for errors and
atmosphere variations. Both of these burns require GPS navigation inputs. The OTV
must navigate completely autonomously during the aeromaneuver itself because

communications are interrupted during the atmospheric pass.
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